A DNA probe specific for biocontrol strains of Pseudomonas was produced by screening randomly amplified polymorphic DNA (R A P D ) PCR fragments. Specificity of the probe was assessed by dot blot and colony hybridization. It was used to specifically determine the population of these strains on roots of Cucumis sativus cv. Delikatess. Two polymorphic R A PD fragments of 750 bp, and 550 bp showed identical specificity. The biocontrol strain Pseudomonas sp. W34 was shown to be competitive in the rhizosphere of cucumber and to maintain a stable population for at least 10 days when inoculated on the seed.
Introduction
Biological control of plant pathogens by disease-suppressive microorganisms has been the subject of many studies. Several possible mecha nisms are considered to be involved in this phe nomenon, including production of antibiotics and siderophores Hammer et al., 1997; Weller et al., 1997), competition for micronutrients and parasit ism or induced resistance (Handelsman and Stabb, 1996; De Leij and Lynch 1997; Lopper et al., 1997; Thomashow and Mavrodi, 1997; Weisbeck and Gerrits, 1997; Werner et al., 1997) .
Certain strains of fluorescent pseudomonads are among the most promising candidates for control of soil-borne pathogens (Schroth and Hancock, 1982; Weller and Cook, 1983; Maurhofer et al., 1992; Pierson and Weller, 1994) . However, in the rhizosphere the interactions between plant, soilborne pathogen, biocontrol agent and other micro biota are complex and the variability of physical, chemical and biological factors in this system often renders it difficult to obtain reliable biocontrol ef fects (Weller, 1988) .
Prerequisites for successful disease control are effective colonization of the rhizosphere by the antagonistic organism (Bull et al., 1991; Kloepper and Beauchamp, 1992) and the persistence of its population throughout plant growth. It is there fore important to study the populations of bio control agents after coinoculation with other mi croorganisms. Nucleic acid probes or marker genes (de Weger et al., 1991) allow specific detec tion and quantification of effective biocontrol strains. With these molecular tools the population dynamics of these bacteria in the rhizosphere can be studied and the time optimum for the applica tion of the agent can be determined.
Several approaches are possible to obtain spe cific probes. Some authors used sequences of ri bosomal RNA genes (Amann et al., 1995; Boye et al., 1995) or subtractive hybridization (Bjour-0939-5075/99/0500-0359 $ 06.00 © 1999 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com ■ D son et a l 1992) to isolate strain-specific se quences. rDNA-derived probes bear the advan tage that their target is present in a high copy number in metabolically active cells, but usually hold less promise in distinguishing closely related organisms at or below the species level (Fox et al., 1992) .
With a variety of organisms the screening of Random Amplified DNA Polymorphisms (RA PDs, Williams et al., 1990) has been shown to be a promising method to generate DNA probes (Bazzicalupo and Fani, 1995) . This method proved to be suitable for antagonistic pseudomonads in our study. At the same time, this method allows insights into the phylogenetic relationships of the organisms studied on the strain and isolate level (Harrison et al., 1992) . In our study, RA PD results were extended and supported by repetitive sequence-based PCR (rep-PCR, Versalovic et al., 1994) using B O X and enterobacterial repetitive intergeneric con sensus (E R IC ) primers, a technique that also yields strain-specific genomic fingerprints (de Bruijn, 1992; Rademaker et al., 1997) . To deter mine the phylogenetic position of the antagonis tic strains, a R F L P analysis was performed on nearly full-length 16S rDNA sequences of the biocontrol and some reference strains, amplifying this gene-region with universal PCR-primers (Weisburg et al., 1991) , and using four tetrameric endonucleases for the restriction analysis (Moyer et al., 1996; Vinuesa et al., 1998) .
The DNA probe generated by RA PD was used to study the population of biocontrol strain W34 in the rhizosphere of cucumber. The antagonistic effects of the biocontrol strains of Pseudomonas we used in our study (W34, W24, W B1, W B11, W B15, W B52) had been reported before by other authors (Vogt and Buchenauer, personal com munication). Table I shows the bacterial strains used and their sources.
Materials and Methods

Bacteria
Pseudomonas strains were cultivated on King B agar or NB medium (Difco, Detroit, MI, USA).
The other bacteria were grown on standard growth media.
DNA probes
Genomic DNA was purified from liquid cultures using Q IA G EN tip20 columns (QIAGEN , Hilden, Germany) according to the instructions provided by the manufacturer. R A P D PCR (Williams et al., 1990) was performed with a reagent mix contain ing 1 primer, 3 m M MgCl2, 200 f iM of each nu cleotide, 1 U/25 | _il Taq polymerase (Amplitaq, Perkin Elm er Cetus, Weiterstadt, Germany) and the reaction buffer supplied with the enzyme. Cy cling parameters were: initial denaturation 1 min 30 sec at 94 °C; 35 cycles of 10 sec at 94 °C, 20 sec at 36 °C and 2 min at 72 °C; final elongation 2 min at 72 °C.
Products were run on a 1.5% (w/v) agarose gel in Tris-boric acid-EDTA (T B E ) buffer (Sambrook et al., 1989) at 4.5 V/cm for 2 h. Gels were stained with ethidium bromide and the image was digital ized with a CCD camera system (Intas, Göttingen, Germany) and stored to disk in Tagged Image File  Format (T IF F ) . Polymorphic bands were picked with the tip of a Pasteur pipette into a new PCR reaction mix and re-amplified. Re-amplification used the same parameters as described above, ex cept for the facts that only 25 PCR cycles at 50 °C annealing temperature were performed and 1.5 m M MgCl2 was used. The DNA sequence of primer 1290 was: G TG G A TG C G A .
For hybridizations, the Digoxigenin system (Boehringer, Mannheim, Germany) with colori metric detection was used according to the instruc tions by the manufacturer. Probes were labeled with digoxigenin by PC R using the Boehringer Probe Synthesis Kit. The nucleotide labeling mix ture contained 70 | i m digoxigenin-dUTP, 0.33 m M dTTP and 0.4 m M of each other nucleotide. PCR conditions were as described above for re-amplification.
As non-specific control probe, a 1500 bp frag ment from the 16S rDNA of Bradyrhizobium japonicum USDA110spc4 was used (Vinuesa et al., 1998) that was digoxigenin-labeled as described above.
For dot blots, 5 ^g of whole genomic DNA of bacterial strains isolated by standard methods were denatured and immobilized on nylon mem brane filters (Boehringer Mannheim, Germany). Colony lift and colony hybridization were con ducted as described in the D IG System User Guide for Filter Hybridization (Boehringer Mann heim, 1996) .
For Southern hybridization, agarose gels were blotted onto a nylon membrane by vacuum transfer (20 min 1 m NaCl, 0.5 m NaOH; 50 min 1 m ammonium acetate) and hybridized as de scribed for the colony lifts.
Phylogenetic analyses
Rep-PCR with the B O X A 1R and ERIC1R/ E R IC 2 primer was performed in 25 pi reaction volumes as described elsewhere (Versalovic et al., 1994) , except that 50 ng of purified DNA and 2 units of Taq polymerase (USB-Amersham, Little Chalfont, UK) were used with the reaction buffer supplied by the manufacturer. Six microliter alliquots of the amplified reaction mixtures were fractionated on 18 cm long 1.5% (w/v) agarose gels, run at room temperature in Tris-acetic acid-ED TA (TA E) buffer (Sambrook et al, 1989 ) for 4.2 h at 4 V/cm. For normalization, a 1 kb ladder (G IB C O B R L , Eggenstein, Germany) was run at both sides and the central lane of each gel.
Nearly full-length 16S rDNA regions were am plified with the universal primers fD l and rD l (Weisburg et al., 1991) in 50 [il reaction volumes using 50 ng of purified genomic DNA as described previously (Vinuesa et al. 1998) . PCR products were extracted once with phenol:chloroform 1:1 (v/v), ethanol precipitated, and redissolved in 21 |il of H20 . Five microliters of this solution were di gested in 20 [i.1 reaction volumes with the restric tion enzymes Cfo I, Dde I, Mbo I and Msp I (Boehringer, Mannheim, Germany) and resolved on 2.5% NuSieve 3:1 agarose gels (Biozym, Hess. Oldendorf, Germany) in T B E at 5 V/cm. 16S rD N A -RFLP patterns were normalized with a 100 bp ladder (G IB C O B R L ), as described above.
Electrophoretic banding patterns were visual ized, digitalized and stored to disk in T IF F format as described above.
For computer-assisted pattern analysis the digi tized gel images were converted, normalized using the above mentioned molecular size markers, and analyzed with GelCompar (version 4.0, Applied Maths, Kortrijk, Belgium) as previously described (Vinuesa et al., 1998) . The "rolling disk" back ground subtraction method was applied. Similarity matrices of whole densitometric curves of gel tracks were calculated using the pair-wise Pear son's product-moment correlation coefficient (rvalue) for RA PD -and rep PCR-patterns (Häne et al., 1993) . For A R D R A , a band-matching ap proach was selected instead (Heyndrickx et al., 1996) , using the Dice coefficient for calculating a pairwise similarity matrix of the combined restric tion patterns yielded by the four enzymes. Cluster analysis of similarity matrices was performed using the U PGM A method (unweighted pair group method using arithmetic averages, Sokal and Michener, 1958) in both cases.
Plant experiments
Cucumber seeds were sterilized for 2x5 min in 30% H20 2 and washed several times with sterile tap water. Sterility was controlled by placing them on NB agar for three days. They were inoculated by incrustation with a suspension of 2.3 x 109 col ony forming units (cfu)/ml containing 3.3% gum arabic (Roth, Karlsruhe, Germany) for 45 min and air-dried for 1 h in a laminar flow hood.
Plants were either grown in petri dishes on water agar or in pots in a mixture of soil (Floragard, Oldenburg, Germany) and washed sand (2:1, v/v). Water content was adjusted to 60%. This substrate was filled into pots (70 g each), covered and stored for 3 days before use. During the ex periments, pots were covered with transparent plastic wrap and irrigated to keep constant weight.
In some experiments, bacterial strains were in oculated into the soil before planting. For this pur pose, overnight cultures of these bacteria were washed in 0.85% NaCl and resuspended in the tap water that was used to adjust humidity. The result ing bacterial titer was 3.7xl08 cfu/g soil for W10 and 4.6 x l0 8 cfu/g for 2 -7 9 .
To reisolate bacteria, roots were cut off, placed in 10 ml ice-cold 0.85% (w/v) NaCl solution and sonicated for 30 min. Samples were diluted in the same solution, plated onto King B or NB agar and incubated for 24 h at 28 °C. Numbers of cfu were determined and colony lifts performed as de scribed above. In soil experiments, tightly adhering soil that could not be removed by careful shaking was included into the analysis.
To identify colonies of the biocontrol strain W34, colony hybridizations were performed. In some experiments it was possible to use colony fluorescence on King B agar as method of identifi cation as verified by colony hybridization. Data were statistically evaluated by the pairwise t-test.
Results
Generation and specificity testing o f probes
For RA PD PCR analysis of biocontrol strains of Pseudomonas (Fig. 1 ), primers were selected that had proved before to be useful in RAPD analysis of other bacteria (Bazzicalupo and Fani, 1995) and produced a sufficient number of bands with Pseudomonas strains. Several polymorphic bands were picked from the gel, re-amplified and tested for specificity as probes. This screening pro cess led to the selection of DNA fragments of 750 and 550 bp apparent length, respectively.
In dot blot hybridizations (Fig. 2) W B15, which also show a high degree of similarity in their RA PD banding patterns. The probes did not hybridize to a number of other strains of Pseu domonas and other genera tested. A minimum of 1 ^ig genomic DNA bound to the filter was re quired to be detected with the digoxigenin system. Control hybridizations conducted with the cloned 750 bp and 550 bp probes showed that they were identical in specificity. For population studies, the cloned 750 bp fragment was used.
To prove its value as a molecular tool, the probe was tested in colony hybridization assays. Colonies were lifted from agar plates (Fig. 3b) on a nylon membrane, their DNA was immobilized and hy bridized with the probes. Strains W34, W24, W B1, W B11, WB15 and W B52 could be easily distin guished from reference pseudomonads by their positive reaction with the specific probe (Fig 3c) . The presence of DNA of the non-hybridizing ref erence strains on the filter was verified by hybrid ization with a non-specific probe (Fig. 3d) . The 550 bp fragment presented the same specificity when labeled and used as probe (data not shown). 
Population studies o f Pseudomonas sp. W34 in the rhizosphere
The 750 bp probe was used to determine the population of Pseudomonas sp. W34 on the roots of Cucumis sativus. Analyses were conducted in an in vitro system on water agar and in non-sterilized soil, respectively. In the latter experiments, bacte ria that were attached to the surface of the whole root and tightly adhering soil ("rhizosphere soil") were included in the analysis.
After inoculation of seeds with single bacterial strains (W34, 2 -7 9 or W10) in the in vitro system, similar numbers of bacteria could be reisolated from the roots, indicating that all these strains were able to grow on root systems (Fig. 4) . When inoculated together with W10, W34 also colonized the root effectively and the population of W10 was suppressed nearly to the limit of detection. Al though W10 was able to colonize the root in vitro, it was not clear if this was the original habitat of this strain, since it was originally isolated from leaves of wheat. Therefore, the experiment was also conducted with W34 and Ps. fluorescens 2 -79, a strain that is well-established as rhizosphere colonizer and biocontrol agent (e.g. Bull et al., 1991; Mazzola and Cook, 1991) . W34 was equally 1.80 § 5 Fig. 4 . Populations of Pseudomonads isolated from the rhizosphere of Cucumis sativus. In two separate experi ments, Pseudomonas sp. W34 was inoculated on the seeds alone and in combination with Pseudomonas sp. W10 or P. fluorescens 2 -7 9 . Plants were grown on water agar for 3 days. Error bars represent standard deviation.
competitive in this combination (Fig. 4) . The dif ferences between W34 and its competitors were statistically significant (t-test, p=0.05). Each of the two strains inoculated without competitor reached a similar level of colonization. To make sure that W34 did not inhibit the growth of the other strains in vitro, strains were plated together from separately grown liquid cul tures. No antagonistic effect of W34 on 2 -7 9 or W10 could be detected.
The persistence of seed-inoculated W34 on the root during a period of 10 days was monitored in non-sterilized soil (Fig. 5) . It was found that col ony fluorescence on King B agar was a reliable character to identify W34 in this experiment, be cause 100% of fluorescent colonies also showed positive reaction with the DNA probe. Colonies in the control treatments harvested after 7 and 10 days did not fluoresce. Together with the total bac terial count per cm root, the number of cfu of W34 measured per root length slowly decreased with time but after 10 days W34 still constituted 27.5% of the bacterial population detected on the roots. The rhizosphere population of W34 was as sessed in competition with other fluorescent pseu domonads that were inoculated into soil 24 h be fore Cucumis sativus was planted (Fig. 6) . W34 colonies were discerned by colony hybridization with the specific 750 bp probe from other fluorescing-colonies that grew on the agar plates. Only 1 to 2% of colonies from non-inoculated treatments were fluorescing. In the treatments where W10 had been inoculated into the soil prior to W34, all fluorescent colonies showed positive reaction with the DNA probe, indicating that W10 was not de tectable when competing with W34 under these conditions. Strain 2 -7 9 , however, was able to co exist with W34 and accounted for 35 to 75% of the fluorescent colonies. In general, the percentage of fluorescent colonies was lower than in the experi ment presented in Fig. 5 .
Phylogenetic analysis o f biocontrol strains
Several biocontrol and reference strains used in this study were analyzed for their phylogenetic re lationships by DNA-based methods. Although the original intention to perform RA PDs was the gen eration of DNA fragments to be screened as spe cific probes, the fragment patterns can also be used to estimate the relatedness of the strains un der study. In the case of the biocontrol strains W24, W34, W B1, WB11, WB15 and W B52 a strik ing similarity of RA PD patterns could be detected with three different random primers. Fig. 1 shows the patterns produced with primer 1290. Strains W34 and W24 even presented identical patterns with all of the three primers used. However, branching orders of the dendrograms calculated from RA PD patterns varied with the primers used and several repetitions of the same reactions could produce slightly different banding patterns.
Therefore rep-PCR genomic fingerprinting with B O X and E R IC primers was chosen as an inde pendent test for the results gained by RA PD fin gerprinting. Rep-PCR is known to produce highly complex and reproducible genomic fingerprints useful to compare closely related bacterial at the strain level (Versalovic et al., 1994; Vinuesa et al., 1998) . In our hands, the reproducibility of the pat terns yielded by this technique is significantly higher than those generated by RA PD -PC R, as found also by other groups (Tyler et al., 1997) . BO X -and E R IC -P C R fingerprinting confirmed the high degree of genetic relatedness of bio control strains W34, W24 and WB1 (Fig. 7a) , as suggested by RA PD fingerprinting. Furthermore, cluster analysis of both rep-PCR patterns resulted in identical groupings, illustrating the consistency of the results obtained by this fingerprinting tech nique. Strain 2 -7 9 , a well-known biocontrol strain, was not related to the W34 group. The two non-antagonistic strains W3 and W10 constitute another group of closely related strains, as indi cated by the high similarity (r-values) of their rep-PCR patterns.
To analyze the phylogenetic relationships be tween some of the biocontrol and reference strains used in this study, PCR/RFLP analysis was performed on nearly full-length 16S rDNA sequences amplified with the universal primer pair fDl/rDl (Weisburg et al., 1991) . As ex pected, all strains included in the A R D R A yielded a single 1500 bp PCR product, indicating that no insertions are present in these 16S rDNA sequences, as has been reported for some Rhizobium tropici strains (Laguerre et al., 1994; Vi nuesa, unpubl. results) . Cluster analysis on the combined Cfol-, D deI-, Mbol-and Mspl-restriction patterns of the PCR products resulted in three groupings within the Pseudomonas strains studied (Fig. 7b) . The first cluster (P I) comprised the two P. fluorescens strains N RRL B 14678 and A TTC 12983. The second one (P2) clustered two of the non-antagonistic isolates from Hohenheim together with P. putida strain 549. All four en zymes consistently grouped the selected antago nistic strains together, conforming cluster P3, and displaying a 16S rDNA genotype that is clearly different from that of the strains found in clus ters PI and P2.
The estimated sizes of the restriction fragments obtained for each of the three types of R FL P patterns (PI to P3) are presented in Table II , together with the exact sizes of the correspond ing restriction fragments derived from type strain 16S rRNA gene sequences retrieved from se quence data bases. The accuracy of the size esti mation made on normalized gels with GelCompar is well-illustrated by the values pre sented in this table, as previously shown for Bradyrhizobium strains (Vinuesa et al., 1998) . These data also suggest that the strains in clus ters P2 are members of the "P. putida 16S rDNA lineage", whereas those of cluster P3 are not members of "P. fluorescens (rDNA) intrageneric group" (Moore et al., 1996) . This last conclusion is in contradiction with that obtained by pheno typic characterization of P3 strains with the B io log system, which ascribed them to P. fluorescens biovar C (data not shown).
Discussion
The 750 bp DNA probe generated by RA PD was shown to be a reliable and useful tool to de tect and quantify biocontrol strain W34 in the rhizosphere both on agar and in soil. The level of naturally occurring bacteria found in the soils tested that reacted with the probe was negligible. The probe was specific for a group of closely re lated strains with biocontrol properties. Further efforts to find a probe to differentiate within this group of strains therefore do not seem promising and worthwhile.
As no genetically engineered organisms are in volved, this technique is easy to conduct under greenhouse conditions to further elucidate the role of W34 as biocontrol agent, especially in the pres ence of pathogens.
With the methods described, organisms that do not grow on complex media are not detectable. This is a general problem of microbial ecology (Amann et al., 1995) and will have to be assessed in the future by in situ hybrization with DNA probes.
W34 was clearly shown to belong to a phyloge netic group that contained several strains with bio control properties. Their close genetic relatedness at the strain level of taxonomic refinement, as re vealed by genomic fingerprinting with B O X and % Similarity (SD) , 1997) . The close relatedness of P. putida and P. syringae isolates to P. fluorescens strains, as de picted in Fig. 7b , has also been reported by some of these authors. Based on A R D R A with four en zymes, strains in cluster P3 can not be ascribed to the P. fluorescens intrageneric cluster, as the B io log test suggests. Strains of this species have been shown to cluster in different phenons when ana lyzed with the Biolog system (Grimont et al., 1996) . This may lead to groupings that are incon sistent with those based on 16S rDNA analysis, as we show in our study. The genotypic typing ap proach used in this study will facilitate the accu rate identification of related biocontrol isolates in the future, both at the species and at the strain levels of taxonomic refinement.
Our data indicate that inoculated strains replace the indigenous bacterial population on the root rather than add to it. As found for strain W10, the capability to grow on the root surface under sterile conditions and the competitiveness for rhizosphere colonization in nonsterile soil are traits that are not necessarily coupled. W34 is a consistently competitive colonizer of the root of Cucumis sativus under in vitro condi tions as well as in non-sterilized soil. Its popula tion is stable in the rhizosphere of this plant for a period of time sufficient to allow application as bioagent against pathogens such as Pythium that attack the seedlings at an early stage. Inocu lation of the seeds was demonstrated to be a feasible and efficient approach in this context. Even when inoculated together with the wellestablished biocontrol strain 2 -7 9 , a consider able number of bacteria of strain W34 was active in the rhizosphere. We found evidence that 2 -79 can coexist with W34 on the roots of Cucumis sativus. The possibility of a combined application of both strains should therefore be considered in the future to achieve a broader range of bio control effects.
